In this report, we investigate the regulation of the phosphorylation status of phytochromes and its role in controlling light signal flux through functional analyses of a type 5 serine/threonine protein phosphatase, PAPP5, which preferentially binds to and specifically dephosphorylates the biologically functional Pfr-phytochromes.
Results and Discussion

PAPP5 Physically Interacts with Phytochromes in a Spectral Form-Dependent Manner
PAPP5 was identified by yeast two-hybrid screening of phytochrome-interacting proteins, employing the fulllength Arabidopsis phytochrome A (phyA) as a "bait." Among 78 positive cDNA clones, the deduced amino acid sequence of one cDNA clone showed significant similarity to the type 5 serine/threonine protein phosphatases and was designated PAPP5 (PhytochromeAssociated Protein Phosphatase 5). The interaction between PAPP5 and Arabidopsis phyA was confirmed by reciprocally using each molecule as the "bait" and as interacting proteins is to determine their relative bindAt the indicated time points, the PAPP5/oat phyA complex was immunoprecipitated with the oat phyA-specific antibody (oat22).
ing affinity for the two photoconvertible forms of phyto- preparation (Lapko et al., 1999) Figure 2F ). The Protein Phosphatase phosphorylated Pfr-oat phyA was effectively dephosThe deduced amino acid sequence of the PAPP5 gene phorylated upon incubation with PAPP5. In contrast, has two distinctively noticeable domains, the N-terPr-oat phyA was only slightly dephosphorylated by minal domain containing the three tetratricopeptide re-PAPP5. The results show that phytochromes are subpeats (TPRs) and the C-terminal domain containing the strates for PAPP5 phosphatase activity and that the highly conserved signature motifs of a type 2A serine/ phosphatase activity is rather specific to the Pfr form of threonine protein phosphatase (PP2Ac) (Figure 2A ized in the cytoplasm in darkness and in the nucleus in A distinguishing enzymatic characteristic of PP5s is light ( Figure 3A ). In the nucleus, some of the phyB-YFP their activation by polyunsaturated long-chain fatty formed distinctive nuclear speckles ( Figure 3A) ; the nuacids such as AA (Chinkers, 2001). In mammalian PP5s, cleoplasmic speckles of phytochromes observed in our phosphatase activity is autoinhibited by the N-terminal experimental condition appear to be the late nuclear TPR domain, and allosteric conformational change inspeckles (Bauer et al., 2004) since they are stable over duced by AA binding to the TPR domain relieves this 4 hr (data not shown). In addition, some of the nuclear inhibition. The phosphatase activity of the GST-PAPP5 PAPP5-CFP was also found as speckled form throughwas stimulated by AA in a concentration-dependent out the nucleoplasm ( Figure 3A) . Analysis of the fluoresmanner ( Figure 2D ). The TPR domain of PAPP5 autoincence images of phyB-YFP and PAPP5-CFP showed hibited the phosphatase activity of PAPP5; the PP2Ac that some portions of the two images are detected in domain alone, which lacks the TPR domain, exhibited the same nuclear space, especially in the speckled re-AA-independent phosphatase activity at a level compagions. The results indicated that at least a certain fracrable to that of the full-length PAPP5 in the presence tion of the two proteins are colocalized in the nucleus of AA ( Figure 2E ). On the other hand, the phosphatase ( Figure 3A ). This is supported by confocal image analyactivity of PP5s derived from a C-terminal PP2Ac doses (Supplemental Figure S3B) , in which the confocal main is known to be inhibited by okadaic acid (OA) fluorescence images from the two proteins were simul-(Chinkers, 2001). The phosphatase activity of recombitaneously detected in some of the nuclear speckles. nant PAPP5 was also inhibited by OA with an IC 50 value Interestingly, when PAPP5-CFP alone was expressed in of 5 nM (data not shown). Taken together, these results etiolated mustard seedlings, fluorescence was obshow that PAPP5 is a member of the PP5 subfamily of served in both cytoplasm and nucleus regardless of the light conditions (Supplemental Figure S3A ). Furtherprotein phosphatases. GFP ( Figure 3B ). This result shows that PAPP5 is physically associated with phytochromes in vivo. FurtherWe further examined an in vivo physical interaction between PAPP5 and phytochromes by conducting in vivo more, R light irradiation to the protoplast cells, which converts the Pr form of phyB-GFP to the Pfr conformer, pull-down assay. For this purpose, we transiently expressed a hemagglutinin (HA)-tagged PAPP5 (PAPP5-significantly increased the amount of PAPP5-HA coimmunoprecipitated with phyB-GFP. In contrast, in dark-HA) or PP2Ac (PP2Ac-HA) in mesophyll cell protoplasts ness or upon FR light irradiation followed by R light irradiation, where the Pr form of phyB-GFP is prevalent, a lower level of coimmunoprecipitated PAPP5-HA was detected ( Figure 3B ). This result supports that in vivo interaction between PAPP5 and phyB is spectral form dependent, consistent with the spectral form-dependant interaction between PAPP5 and oat phyA observed in vitro ( Figure 1C) . The result also suggests that phyB-dependent nuclear localization and speckle formation of PAPP5 observed in Figure 3A may be due in part to the physical interaction between PAPP5 and phyB. Figure S6) . rations was only slightly higher than that of Pr form in Furthermore, the PP2Ac domain peptide and the celluour experimental condition ( Figure 2F) , showing mostly lar extracts of PP2Ac-overexpressing lines did not sigspectral form-independent phosphorylation. Thus, most nificantly affect phytochromes/NDPK2 interaction (Fig- of the phosphoryl group we detected in Figure 2F is ures 5A and 5B). These observations are correlated on Ser7 in this experimental condition. The result that with the result that the PP2Ac domain alone showed PAPP5 can dephosphorylate Pfr-oat phyA to a signifilower phosphatase activity toward Pfr-phytochromes cantly greater extent than Pr form ( Figure 2F ) then indithan PAPP5 (Figure 2F ), although it can still efficiently cates that PAPP5 should be able to dephosphorylate dephosphorylate an artificial substrate ( Figure 2E) . the phosphoryl group on Ser7. In addition, PAPP5 These results thus suggest that PAPP5 positively funceffectively dephosphorylated the Pfr-form of S598A tions in phytochrome-mediated photoresponses by enmutant oat phyA ( Figure 5C ), in which Ser598 was hancing NDPK2 binding to Pfr-phytochromes through substituted to alanine and thus mainly Ser17 is phosits phosphatase activity that is specific to Pfr-phytophorylated. Thus, PAPP5 can also dephosphorylate phospho-Ser17. These results show that PAPP5 can chromes due to the presence of the TPR domain. dephosphorylate all of the three phospho-serine resimeasurement. PhyA is most prevalent in etiolated seedlings among the five phytochromes (phyA-E) and dues of oat phyA.
PAPP5 Positively Regulates Photoresponses
It is notable that, while phosphorylation at the N-terrapidly degraded upon light treatment. When darkgrown Arabidopsis seedlings were transferred to Rc minal extension is spectral form independent, dephosphorylation of this region by PAPP5 is spectral form delight, a loss-of-function mutant (papp5-1) showed almost no spectrophotometrically measurable phytopendent. This provides a mean by which the Pfr form is biologically more active, as phosphorylation at the chromes after 2 hr, showing that PAPP5 is critically necessary for phyA stability in Rc light ( Figure 6A ). In N-terminal extension was suggested to be involved in light signal attenuation (Jordan et al., 1997; Casal et al., accordance, a PAPP5-overexpressing line (PAPP5-OX1) retained a higher amount of phytochromes after 2002); by being a better substrate for PAPP5, the Pfr form overcomes the signal attenuation caused by 2hr in Rc light compared to wild-type (Col-0). The PHYA transcript level was similar in dark-grown and R lightphosphorylation at the N-terminal region.
irradiated seedlings of Col-0, papp5-1, and PAPP5-OX1 ( Figure 6B ), suggesting that the differences in the Phytochrome Stability Is Increased by PAPP5 It was previously suggested that phyA in plant cells unamount of phyA were not due to differences in PHYA mRNA expression in these plants. We further examined dergoes phosphorylation in the N-terminal extension to regulate the light-dependent stability of phytochromes the stability of Pfr-phyA by measuring the amount of phyA species at various time points after irradiation (Clough and Vierstra, 1997). Since PAPP5 can dephosphorylate the phospho-serine residues in the N-terminal with an R light pulse. As shown in Figure 6C , the Pfr species of phyA persisted much longer in PAPP5-OX1 region, we tested if PAPP5 can modify phytochrome stability in vivo utilizing the spectrophotometrical than in Col-0, showing that PAPP5 enhances stability 
